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Im ultrasonic pulse - echo equipment for the measurement 
of ultrasonic wave velocity in solids between 1,4°K and room 
temperature was set up. The performance of the pulse - echo 
equipment was tested at 77*^K and 306'^K using a 99.99 pet. pure 
poly crystalline copper specimen. The observed velocity of 10 MHz 
longitudinal waves in copper at these two temperatures was- found 
to be 4881 M/sec and 4762 M/sec respectively and were in good 
agreement with the average velocity of longitudinal ultrasonic 
waves calculated from the published single crystal elastic moduli 
of copper. 


Por the determination of lattice parameter at low tem- 
peratures an attachment for a General Electric ZED - V Z-ray j 

j 

diffractometer was also constructed. The performance of the j 

attachment at room temperature was compared with that of a stand- 1 

ard specimen holder supplied with the diffractometer, Por both | 

j 

the cases the lattice parameter of 99.9 pet, pure aluminium at | 



306°K was found to be 4.0489 A. by. using a least square extrapola- 
tion against Cos^0 . The neasured lattice parameter of A1 at 
306‘^K was in good agreement with the published lattice parameter 
data of Al. The lattice parameter corresiDonding to the (420) 
reflection was found to be the same, within the experimental error 
limit, as of the extrapolated values. Hence, only this reflection 
was used for the determination of lattice parameter at different 
temperatures. The lattice parameter of A1 wn.s found at inter- 
mediate temperatures between 89^2 and 306°E. The variation of the 
lattice parameter with temperature also agreed well with that 
calculated using the thermal contraction data of aluminium obtainei 
by different experimental techniques. 

Lattice parameters and velocities of longitudinal and shear 
waves in polyciystals of A1 and six binary Al-Zn alloys (with 
1 o 2,3»4»10 and 15 at.pct.Zn) were measured from above 77°K, The 
a.lloys were in the quenched solid solution state and without any 
clustering effect. Measurements were made between 77°K and 306°E 
for specimens with Zinc content upto 4 at, pet. For two alloys 
with high Zn content (10 and 15 at.pct.Zn) measurements upto 
about 225°K could be taken, since close to room temperature clu- 
stering and zone formation is known to occur, f 

I 

To obtain the velocity and the lattice . parameter for the | 
temperatirre range 0°Z to 300°E, the measured parameters were fittb 


with a fourth order polynonial in tenperature by the least square 
method. The precondition for the polynonial was a nonotonic 
change in slope of the parameter vs tenperature cuive and the 
slope would tend to zero as tenperature approached 0°K, The 
polynonials were used to calculate the thermal expansion coeffi- 
cient, bulk moduli, shear moduli and Young's moduli and the 

Debye tenperature (<^) of fbe alloys at interval between 0*^K 

and 300 ‘^K. Derived va.lues of these parameters for A1 at room 
tenperature (500^K) were foxmd to be 23,2 x 10 748 Kbar, 

256 Ebar, 690 Kbar and 402°E respectively. 0j) for A1 at 0°E 

o 

was found to be 421 K, 

The good agreement between the present data and the publi- 
shed data shows that the use of polycrystall-ine specimens for the 
estimation of 0^^ is a reasonable alternative of the single crystal 
method. 

The variation with temperature of the two velocities and ; 
the lattice parameters of Al-Zn alloys resemble that of pure il. 
The variation of0p and shear modulus with Zn content show a 
continuous decrease while in case of bulk modulus a maxima occurs j 
near 10 at.pct.Zn and no regular variation was found. j 

f 

The change in Op with increasing solute content could hot I 

i 

be clearly and quanfclt at ive ly interpreted due to paucity of singlei 
crystal data on a few A1 alloy systems* A simplified and quali- | 

, f 

tative amlysis of the decrease in0jj has been made. The 
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Inoroase In tha aTerag® atonic nass, decrease in the h..ttice 
Paraneter nrid the Tcnns's nodulus night he the reasons behind 


the reduction ih©jj» 



CHilPTEH 1 


INTRODUCTION 

Low teaperatTire specific heat neasiirenent is a very 
inportant and widely used experinental nethod for the study 
of band stmeture of solids. The specific heat of materials 
is measured by noting the rise in tempemture due to the 
absorbtion of a snail amount of supplied heat. The total 
specific heat thus obtained is the sum total of many 
different contributions. For the simplest case, the specific 
heat at constant volume consists of two terms 

< 3 ^ = [ 0 ^] + K'i , ( 1 ) 

-eleotronic lattice 

At low temperatures, particularly at liquid helium 
temperatures the two contributions become comparable in 
magnitude. The electronic specific heat, which is proportion 
nal to the absolute temperature, is expressed as y T, where 
Y is proportional to the density of states at the Fermi 
surface at T = 0°E [N(Ep(0))J, The lattice specific heat, 
according to the Debye theory, is proportional to the cube 
of absolute temperature and is expressed as where P 

is another constant. The tem P is related to a parameter 
called Debye temperature 0D» through the following relation. 



2 


12 % 




N k 


233.78 Fk 
D 


( 2 ) 


Since the Debye temperature for most materials 
is not known, the usual practice is to get y P 

by a least square fit of the specific heat data with the 
eauation 


0 ^^ = yf + 


(5) 


The above method of finding y, however, does not 
always lead to very accurate values. As for example 
in the case of some Cr-De-Al alloys Pessal, Gupta, 

Cheng, and Beck^ reported equally good least square 
fit of specific heat data with widely varying values 
of |3, To determine the density of states at the Fermi 
level with sxifficient accuracy, over and above the 
specific heat data, an independent measurement of the 
Debye temperature is necessary. It is possible to 
relate with the elastic moduli of solids. The mea- 
surement of elastic moduli thus can be used to detemine 
independently the Debye temperature and hence lattice 
specific heat at liquid He temperatures. In the following 
sections the Debye temperature 0jj, the relation of 
with the elastic moduli of solids and the methods of - 
determination of the elastic moduli have been reviewed. 
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1,1 The Debye Temperature s 

As the temperature is increased from absolute 

zero, the measured specific heat of crystalline materials 

increases rapidly from zero (at T = 0°K) and approaches 

a value of about 6 cal/mole/deg at sufficiently high 

2 

temperatures, Einstien first proposed that the specific 
heat is due to thennal vibration of atoms. He assumed 
that all atoms vibrate independent of each other and 
with the same frequency. Using these assumptions Einstein 
obtained the general nature of the specific heat versus 
temperature curve, but his specific heat versus temperature 
curve approached zero more rapidly than actually observed. 
Bom and von Karman*^ and Debye almost simultaneously 
realised that the atoms can not vibrate independent 
of each other and as a result there can not be a single 
frequency of vibration but a frequency spectrum. Born and 
von Harman treated the solid as an association of mass- 
centres connected and held together by generalised springs 
at all distances* In the case of three dimensional latt- 
ice approach the problem of trying to find the frequency 
spectrum with the help of the force constants, whose 
characteristics were not clearly understood, was however, 
quite difficult. 
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In Debye’s^ approach the solid was assumed to 
be a continuum, with a vibrational spectrum whose fre- 
quency distribution was shown to be proportional to'^^ 
and with a cut off at'i)jj (Bom^ also has shown that for 
long wavelengths the frequency spectrum is proportional 
toli) ) such that the total number of degrees of freedom 
was limited to N being the total number of discrete 
mass points in the solid Debye considered standing waves in 
a cube of length L and volxime 7 and the cube could possess 
many standing waves ranging in frequency from zero upto 
the cut-off frequency Debye also assumed that the 

velocity of sound waves observed in a crystal at radio 
frequencies would hold approximately upto^p. In a real 
solid, there are three different types of sound waves, one 
longitudinal and two transverse waves, associated with 
each crystallographic direction of propagation and the 
total number of frequencies is actually the sum of the 
contributions from each type of wave averaged over all 
directions of propagation. The total number of degrees 
of freedom is then given by 

3H = ) \( 3 ) ai = I " V I tr 

0 -^12 3 

all directions 

where NC))) is the dcnsliy of states -at'-, frequency 
Vf, V 2 , v^ are the three velocities and di^ is the 


f 





solid angle element corresponding to the three velo- 

h jj 

cities. Since 6 j) is defined as — g — , therefore, 
Bqn, (4) gives 




Ik (±A ) 
k MitV '' 


1/5 < 


[: 


V 3 
1 

all directions 


A-n ( 




(5) 


With the help of Bqns, (4) and (5), Debye calculated the 
lattice specific heat which 'in the low temperature limit 
of T <C6 -q/ 50 is given by 

12 r. 3 

= -5— 

1.2 Debye Temperature and 'Crystal Elastic Moduli; 

At sufficiently low temperatures the Debye 
approximation in Ecn. (6) holds and at these temperatures 
only the long wavelength acoustic waves are excited. 

Such acoustic waves are in the magacyle region and the 
velocities can be used for the determination of the 
Debye temperature, Sound velocity data at such low tem- 
peratures are scanty but extrapolation of relatively 

higher temperature data to absolute zero can be made for 

5 

comparis^^u purposes without much eivor • 

The theoretical basis for the independent estima- 
tion of lies in the relationship of Ojj with sound velo- 


t 
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cities (Bqn. 5) atpifl. © jj can be foimd if solution to the 
integral in Eqn, $ can be found. F.or the solution of 
the integral, the relationship between velocity of sound 
waves in a material and its elastic constants is nadc-use 
of* This relationship is available through Musgrave's workf 
Using the generalised Hook’s law, the equation of motion 
of an element anywhere inside the volume and the propaga- 
tion of plane waves in directions defined by the direction 

6 

consines 1, m and h Kusgrave showed that the three sound 
wave velocities would be the three roots of a secular 
equation defined by 


A - 

■f v^ aP 

ya 



ap 

p 

0Y 

= 0 

(7) 

ya 

PY 

C-/v^ 

1 



where v is the velocity^. is the density, A,B,Q, Py» 
ya and ap are functions of the direction cosines and 
the single-crystal elastic moduli defined as 

A = 1^0 + “^^66 + “^^55 + 2mn + ^nlC^^ + 

2 Im (8) 

+ ^ liiL0 2 g 


(9) 
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a = 1^055 + ^^^53 ■’* 2mnC^^ + 2nia^5 

+ 21mC^5 (10) 

ap = l^C^g + m^Ogg + +1101(0^^+025) 

+ nl g } 4* j^2"^6 6 ^ (H) 

PY = ^^^15 ^ ^46 ^ ^ ^35 "*" "*" ^36^ 

+ ii1(Gj^ 5 + O55) + lifl(Gj^^ + 0^^) (12) 

yoc = l^C^g + m 02^ + 21 0^^ + nin(C^^ + Og^) 

+ nlCC^g + 0^5) + lii(C2^ + ^46^ (13) 


Using Musgrave’s expressions, the integration of eq-uation 
(5). over the whole angular range becomes possible if the 
single crystal elastic moduli are known* The Musgrave 
relations simplify considerably when the more symmetric 
crystal classes are considered. As for example in the 
case of cubic crystals there are only 3 independent elas- 


tic moduli 0^^, 0^2 ^44* ^bese moduli are related 

to the various sound wave velocities in the crystal lattices 


and could be easily determined by measuring the velocities 
for suitable propagation directions of pure longitudinal 
or transverse waves. Along any general direction of 
propagation it is not possible to get a pure longitudinal 
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Table 1 : Propagation Directions for pure shear and 

longitudinal waves and the velocities in 
tearms of the elastic moduli. 


Direction of 
propagation 

Direction of 
displacement 

type of 
wave 

Velocity"^ 

IlOO] 

ClDO] 

Dongitu- 

■diaal 


[100] 

[DIO] 

Shear 


[100] 

[OOl] 

Shear 

1 f 

[110] 

[iiol 

Longitu- 

dinal 


[no] 

[001] 

Shear 


[no] 

[010] 

Shear 

[1^]* 


^ is density 


or shear laode. Table I gives the crystallographic di- 
rections in which pure shear and Icua^itudinal wave can be 

7 

obtained in a cubic crystal t 


1.3 



With the success of Musgrave in the replacement of 
the three sound velocities by the direction cosines of 
the propagation direction and the elastic moduli the 
only effective step to be taken towards an independent 
method for the estimation of Debye temperature was to 
evaluate the integral in expression (5). The complexity 
of the relations between 1, m, n, ^12 

velocities made the use of high-speed computers the 

8 

only suitable method for solving the integral, Alers 
has developed a computer program for the determination of 
0JJ which estimates ©jj value with an accuracy better than 
0.1 pet. 


A number of indirect methods have also been deve- 
loped and they have ressonable accuracies. The simplest 

Q 

and most widely used method- is due to deLaunay, De- 
launay considered a cubic lattice of the Born and Yon 
Kanman type with central force connecting no-ircst and next 
nearest neighbour atoms and took into account the 


compressibility of the electron gas to arrive at Debye 
temperature given by 


( ^ ^f(S,t) (14) 

471. n 18+1^3 

where f(S,t) Is a function of the anisotropy, S and t are 

the functions of the elastic moduli 0 ^^,C ^2 ^ 44 * 
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He made tables for finding f(S,t) for values of S and 

t which, could be determined from the measured value 

of ^2.2 ^44* case of copper, this method 

produced results within O.Ol^E of the 0^^ computed 

by electronic computer method. Grraphical method of 

Marcus^^, power series expansion of Hopf and Lechner^^ 

and Quimby and Sutton yielded values correct to a 

tenth of a percent. Harmonic series expansion method 

13 14 

has been used by Bhatia and Tauber and Betts et al 

and agreement within 0,25 percent of the computer results 

15 

were obtained. Using Fedorov's general theory in 

invariant form for the propogation of plane elastic waves 

in homogeneous crystalline solids Fedorov and Bystrova 

17 

developed approximation methods, Konti and Varshni used 
this method for cubic elements and found general agree- 
ment with the results obtained from the Hopf and 

11 13 

Lechner and Bhatia and Tauber methods. 


1*4 Deb.ve Temperature and Isotronic Sound Yelocities 


For a perfectly isotropic crystal the sound velo- 
cities are independent of crystallographic directions 
and in terms of the only two velocities- and v^, the 
longitudinal and shear velocities respectively, the 
Debye temperature is given simply by 

-1/5 


= I ( 


9 N 1 

4'rtv ' ^ Vt 5 


■) 


(15) 


s 



11 


or 




1/5 

) 


( 16 ) 


where v is called the meah velocity defined by 
^ > 

11 2 

Vjji = [ ^ ( -- y - + — ^)] • 5'or isotropic case v^ and 

s 

V are related to the hull; and shear moduli K and G- th- 
s 

rough the relations 



(17) 

(18) 


Almost all crystals are an-isotropic and so the 
Eqn, (15) can not he applied for single crystals, A 
polycrystalline material with randomly oriented equiaxed 
grains will, however, behave like a truly isotropic ma- 
terial and a relation similar to Eqn. 15 should be appli- 
cable. 

18 

There have been systematic approaches by Voigt , 

IQ 20 21 

Reuss , Hill and G-ilvarey to the problem of finding 
relations between t]ie single crystal elastic moduli and 
the polycrystalline elastic moduli, K and G. Hill has shown 
that neither Voigt nor Reuss equations yield the correct 
polycrystallina K and G from the single crystal elastic 
moduli, and intiicated that Voigt and Ruess values actually 
are the upper and lower limits, respectively. Hill 
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suggested that an arithmetic mean of Voigt and Heuss 
K and G- will give the correct polycrystalline bulk and 
shear moduli, that is : 


kg - 




+ K 


■R 




\ + ®R 


H 


( 19 ) 

( 20 ) 


where suffixes H, V and R represent Hill, Voigt and Reuss 
respectively. 

22 

Anderson has shown that if the VRH model is 
chosen then two average velocities can be defined as 


V 


1 







( 21 ) 

( 22 ) 


and in terms of these velocities the average velocity 
v^ is given by 



( 23 ) 


In a poly crystalline material the measured veloci- 
ties are averaged over all directions due to randomness 

op 

of the grains. Anderson"^ compared the 0^^ values of 
various materials calculated from single crystal ela.stic 
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Table '2' ; Values of 9 tj computed from the same single 
crystal mod^i by the VRH method and the 
digital computer. 


Material ^VBH 


Ag 

226.5 

A1 

426.2 

Au 

161.7 

Cu 

344.5 

Li 

326.0 

Mi 

476.2 

Th 

164.2 

V 

393.2 

Beryl 

1463.5 

Cd 

214.0 

Mg 

386.0 

2n 

328.3 


Qcomputer^^^^''^ 

226.4 

426.6 

161.6 

345.3 

325.9 

476.2 

164.2 

394.0 
1462.0 

215.0 
385.8 
328.1 
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moduli by the VRH model aad the rigorous computation 
techniques (Table II)* 

The close correspondence of values of Table II 
indicates that the integral in Bqn. (5) can be replaced 
by the average sound velocity v^^. Since in a polycry- 
stalline material the averaging of sound volicity 
over all directions is automatically achieved due to the 
randomness of the grains, longitudinal and shear veloci- 
ties measured in a polycrystalline material will be the 
same as v^ and v^* Hence, Eqn. 15 can be used for 
determination with v^ and v^ replaced by ^ and v^ or 

replaced with ^ 

m. 

The experimental verification of the similarity 
of the Debye temperature obtained by using single cry- 

pp 

stals and polycrystals have also been made. Anderson 
showed that the extrapolated values of the experimentally 
observed bulk elastic properties of dense sintered 
Alumina (no p'^rosity) is very close to the mean value 
proposed by Hill. The case of the elastic moduli of 
single and polycrystalline tungsten is interesting. 

Because of isotropy of tungsten and for single 

p 

crystals are expected to be same as the (longitudinal 

P 

modulus) andf>v^ (shear modulus) for the, poly cry stals. 




Elastic moduli of single cry&tal of Tungsten has been 
reported by Featberstono and Neighbours'^ and that of a 
polycrystal has been reported by Bernstein^'t For compari- 
son both data are shown in Table III. 

The equivalence of the bulk properties observed 
with polycrystalline samples and calculated on the 
basis of single crystal data can also be seen for a. few 
alloy systems. The results of the studies on polycrysta- 
lline elastic constants of Cu-Al alloys at room tempera- 
ture by lenkhery and lahtoonkvjrvri match well with the 
value of the constants calculated from the single crystal 
data of Gain and Thomas and Moment The comparison 
is shown in Figs. 1 and 2, Room temperature studies on 
both single and poly crystals of Al-Zn alloys has been 
made by Rokhlin * ^ and the satisfactory equivalence has 
been established. Thus it appears that where moderately 
accurate 0^^ values are necessary, the polycrystalline 
elastic constants may be conveniently used. 

1.5 Methods of the Ifeasurement of Elastic Oonstants 

The various methods used for the measurement of 
elastic constants of both single and polycrystalline specimens 

may be classified as static, dynamic and scattering methods. 

30 

Voigt*'^ introduced the static methods as early as 1928. 

The static methods are no more favoured in recent times 
due to the greatly enhanced accuracy and simplicity of 
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^1 

the dynamic methods^ "'•'ine gives a systematic review 
of the dynamic methods which he divides two groups. 

The first group is charecterized by the use of lower 
frequency (<Cl MHz) ultrasonia waves for the -estahlish- 
ment of standing waves in a system involving the specimen. 
The resonance period and the physical dimensions are used 
to find the velocity ^ KumeiQius, methods have been used 
to excite mechanical resonance^ Electromagnetic fields 
have been used for f erromagaetic. material^\ and j&lectro- 
static probes for non-magnetic materials^^^^. PiorA oioctria 
discs cemented to the epecimen under study is a common 
tool for exciting mechanical vibrations. In India an 
ultrasonic wedge method, developed by Bhagavantam^^ has 
found wide application. 

With the development of electronics and radar 
techniquee^ the use of high-powered high-freiiuen.ocr Cy**! MHz 
to about 1000 MHz) ultrasonic pulses finds wide appli- 
oation^^^^. Resonance technique has been used by 
Bolef and Menen^^ but the most widespread use of the 
ultrasonic waves has been made in the Pulse-Echo technique. 
The pulse^^eLcho technique has been very useful in studies 
of elastic properties of materials as a function of 
temp, and^ pressure » In this technique, a quarz plate 

transducer is cemented to one of the two parallel faces 
of the specimen and a pulse of the erder of a microsecond 
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is generated and allowed to eciLO back and forth, Prom 

the time delay between successiire echoes, the velocity 

is measured and the elastic moduli determined. This 

technig.ue has attracted the attention of various workers 

and conseq.uen,tly , many modifications came into existance. 

With a relatively simple circuit Viswanathan^^ has shown 

that the accuracy of velocity measurement can be increased 

to 0,5 percent, A phase-comparison method has been used 

by Mason and Bommel"^ and it has been further improved by 
43 

Blume . Another phase-comparison method has been deve- 
loped by MeSkimin^'^, Continuous wave resonance method of 

45 

Bolef and de-J.erk has an acctiracy of 0,1 ppm. Pulse 
superposition method developed by Me Skimin"^^ has an 
accuracy of a few parts in 10^ > whereas his phase-comparis 
method has an accuracy of 1 part in lO'^, 

Several other methods have also been used for mea- 
surement of elastic constants of materials. Electro- 
magnetic waves have been used in a limited manner for the 

A ZT 

determination of elastic constants, Brillouin's^ fine 
structure analysis method has been used by Chandrasekhar^ 
and Plubacher^ , Another method which involves the mea- 
surement of the intensity of the thermal diffuse scatterin 

49,50 

of Z-Eays and neutrons has also proved useful , In 
general, however, the scattering techniques are not as 
simple and as accurate as the dynamic methods. 
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1,6 Statement of the Problem 

In the preoeeding sections it has been shown 

that the Debye temperature of solids can be determined 

with reasonable accuracy from the aye rage sound velocity 

obtained by measiiring the velocities of longitudinal and 

shear waves in a polycrystalline sample. These sound 

velocities also give quite acQurate values of the various 

polycrystalline elastic moduli. For the estimation of 

Debye temperature an additional data in the form of number 

of atoms per unit volume is also necessary. If the crystal 

structure is known for a material, number of atoms/unit 
volume can be found easily by measuring lattice parameter 

as a function of temperaturet The thermal expansion 

coefficients of materials (jan also be obtained from the 

measurement of lattice parameter. Thus from the measuremen 

of two types of sound velocities and the lattice parameter 

a wide range of physical properties of a material can be 

determined simultaneously. 

Of the several methods of sound velonUr measure- 
ment in solids the pulse -echo technique is the most accu- 
rate and the measurement technique is also simple. In this 
investigation this method has been employed. A pulse 
echo technique equipment was assembled and the necessary 
specimen holder assembly was designed, the details of 
which will be found in Chapter 2. 
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Of tile several methods available for determining 
volume as a function of temperature, the one considered 
simplest and very accurate is the lattice parameter 
method* For accurate lattice parameter measurement a Gl 
diffractometer "was chosen, A low temperature attachment 
for the diffractometer was designed and fabricated, the 
details of which are ..jiven in.Ohaptbr 3. 

Of the various alloy systems the Al-base alloys 
are chosen because of two reasons. The attenuation of 
ultrasonic waves in Al~base alloys is about one order of 
magnitude less than in other common alloy systems. The 
low attenuation would give rise to larger number of obser- 
vable echoes in the echo-train, thus ensuring higher 
accuracy of measurement. The Al-2n system is particularly 

chosen because of the wide application of Al-Zn alloys 

, n ^ 51»52 

as sound conductors ' . 

No Debye temperature/is available for these 
alloys. In this investigation Debye temperature, and 
the elastic moduli of Al-Zn alloys have been deter- 
mined as a function of Zn content and temperature. 



CHAPTER 2 


THE HLTRASOITIC PUISE-BCHO EQUIPMENT 

Debye tenperature of solids is proportional 
to the mean velocity of sound, (Eqn, 16), The mean 
velocity can be deternined through the neasurenent of 
velocities of longitudinal and transverse- ultrasonic waves 
in suitably oriented single crystals or in polycrystalline 
samples , To determine ^ at sound velocities in solids 
are measured as a function of temperature and Gjj at 
is determined with the help of velocities extrapolated 
to 0°K, The extrapolation of velocities to 0°K can be 
done from relatively higher temperatures, such as liquid 
Sr 2 temperature, or the measurements may be extended to 
liquid He temperatures. Even thoiagh for the present 
work the sound velocity measurements were carried out bet- 
ween liquid N 2 'tenperature and 300*^K, keeping the whole 
range of temperatures in mind the ultirasonic pulse-echo 
apparatus was designed to work between 4#2°K and room 
temperature. 

The wide temperature range of determining sound 
velocities in solids can be conveniently divided into two 
regions - 4.2° to 77°K and 77° to 300°K, attainable by 
using liquid He and liquid N 2 i*espectively. Compared to 
operating the pulse - echo equipment between 4.2°E and 
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300°E, the loss of liquid He is expected to be nuch smaller 
when operated between 4*2° and 77°E* A further cut in 
the requirement of liquid He can be made by using the 
equipment like an adiabatic calorimeter in which the 
specimen is first brought to liquid He temperature by 
bringing the specimen in thermal contact with the He 
bath through an exchange gas and then isolating it from 
the surroundings by creating high vacuum in the specimen 
chamber. In this method a small heater will be able to ■ 
heat the specimen to any desired temperature between 4.2 
and 77*^K and only a small amount of liquid He will be 
required, since none or a very small amount of heat from 
iihe elevated temperature specimen will flow out to the 
liquid He bath. For the higher temperature region the 
specimen may be held at different heights above liquid 
H 2 kept in a tall dewar and thus any desired temperature 
nay be obtained. In the present design these features 
were kept in mind. 

The block diagram for the pulse - echo equipment 
^sed in the present investigation is shown in Fig. 3 and 
the list of instruments used is given in Table 4* The 
pulse - echo equipment essentially consists of two basic 
parts, a) the specimen holding assembly with the facility 
for varying the specimen temperature and b) electronic 
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Table 4 s Instruments used in the Electrical Circuits 


Instrument 


Specification Dfenufacturer 


Standard 

Signal Generator 
Model GR 1001 - A 


Range: 

5 KHz to 50 MHz 
Accuracy; 

+ 1 percent of 
reading 


Genera.1 Radio 
Company , 

U. S.. A. 


High Powered Pulsed 

Oscillator PG-650-C Range; 5~97 MHz 
Model II with Add 2A Accuracy: +10 KHz 


Arcnberg Ultra- 
sonic l£ib, Inc., 

U. S. A. 


Wide B.and Amplifier Amplification 
with Preamplifier range; 0-85 db 
Model 

UA-600-E, and 
PA-620 


Cathode Ray Oscillos- Range; . . 

cope with 1-Type do to 50 MHz 

plug-in-unit (Dual Time Base) 

Model; 545 B 


Tektronix, Inc., 
U. S. A. 


Potentiometer 
Cat .Ho* 8686 


Range; 0 to 100 nV 
Accuracy;+0.005 mv 


Leeds and, Horth- 
lUp Co,, Urf S. A, 
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equipnents for fhe generation and detection of ultrasonic 
pulses* The details of each of these parts of the pxilse - 
echo equipment is given in the following sections, 

2.1 The Specinen Holding Assemhlv 

The specimen holding asaenhly, which is shown in 
Pig, 4 has essentially three parts - the specinen holder 
to keep good mechanical contact between the transducer and 
the specinen, a can to make an adiabatic chamber for the 
specimen, and a metal head to fit on a He cryostat. The 
specimen holding assembly was designed to fit the He cryostat 
set up by Si et al^^. The can^ 1*25'* in diameter and 7" long, 
was made of a thin wall stainless steel tube (12), It was 
closed at the bottom by silver braalng a thin copper plate 
to it. The open end of the can was silver brased to a thin 
copper ring which could be snugly put on a cylindrical 
copper block attached to a 50***long and 0,5** diameter thin 
walled stainless stecCL tube. To make a leak proof ;joint the 
can was soldered to the cylindrical copper blpck with Wood*s 
metal (15), 

A threaded copper support for the specimen holder 
assembly was attached to the cylindrical copper block (at 
the end of the 30» long stainless steel tube) through three 
.short stainless steel rods. The specimen holder assembly 
consisted of an intemalOy threaded cylindrical teflon 
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1 THINWALL STAINLESS TUBE 
FOR SPECIMEN HOLDER 

2 MULTITERMINAL HEADER 

3 COPPER SUPPORT FOR 
TEFLON SPECIMEN HOLDER 

4 TEFLON SPECIMEN HOLDERS 

5 R. F. INPUT CONNECTION 

6 COPPER- BERRYLIUM SPRING 

7 .CONTACT FOR TRANSDUCER 

8 TRANSDUCER 

9 SPECIMEN 

10 THERMOCOUPLES 

11 SUPPORT AND EARTH 
POINT FOR SPECIMEN 

12 STAINLESS TUBE CAN 

13 CRYOGENIC LIQUID DEWAR 

14 ADJUSTING SCREW 

15 WOODS METAL JOINT 

16 SILIVER BRAZING 
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piGCG which, rigidly suppoirfced throe stainless stool guido 
rods and a threaded teflon hotton piece . A teflon adjustin 
screw (14) was used through the bottom piece to facilitate 
raising or lowering of the specimen. Two teflon pieces, 
which could move freely along the guide rods and fitted 
with two rounded copper electrical contact points were 
used to hold the specimen (9)* The quartz transducer (8), 
gold plated on one side, was put on the top surface of the 
specimen and the bottom copper contact point was used for 
ground connection (ll). In order to have proper contact 
between the specimen, transducer and the electrical contact 
points a Cu-Be spring (6) was used between the teflon 
support and the top sliding teflon piece. The adjusting 
screw (14) was used to adjust the pressure of the copper 
contacts on the transducer. 

Two 3S gauge Copper - Constantan thermocouples (10) 
were used to measure the specimen temperature, Por work- 
ing below liquid temperature a small heater made of 
insulated 40 gauge manganin wire wound roimd a copper bloci 
could be fixed on the specimen to raise the specimen tem- 
perattire. All the eight electrical connections were led 
out of the specimen holder through a multiteminal Eovar 
plug. The Eovar plug was also used to provide a thermal 
shield for the specimen chamber. The lead wires were takei 
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out of the specimen chamber through the Zovar plug and the 
y** dia stainless steel tube and was terminated on another 
nultiterminal Kovar plug fixed at the top of the metal head. 
The wires inside the dia tube were insulated by using 
26 gauge teflon spaghetti. 

The metal head consisted of a 2" dia copper Tee which 
was fitted with two brass flanges on two .ends and was closed 
at the third end, by a brass cap. The Kqvar |^lug was sold- 
ered to this brass cap. The 30 ** long stainless steel tube 
was silver brazed to the brass flange opposite to the closed 
end, A dia stainless steel tube fitted with an 0-ring 
screw cap was also inserted through the brass cap and the 
flange to provide an opening for introducing a liquid He 
transfer line. The second flanged opening was provided for 
connecting the specimen holder assembly to a high vacuum 
system consisting of a 140 lit/min capacity mechanical 
pump, a 2” dia Yeeco diffusion pump, a liquid ^2 trap and 
Yeeco thermocouple and ionisation gauges, 

2.2 Electronic Systems 

The pulse - echo technique utilizes electrical pulses 
of suitable length and frequency to activate some electro- 
mechanical transducers, like the X,Y or AC cut quartz trans- 
ducers, The transducers are bonded to one of the two para- 
llel plane siurfaces of the specimen, Eor the present work 
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Z and Y cut quartz transducers were used to generate long- 
itudinal and transverse waves, Th.e resonant frequency of 
both types of transducers was 10 MHz* The electrical sig- 
nals to be fed to the transducer was generated by a general 
Hadio 1001-A Standard Signal Generator. The continuous 
wave was shaped to pulses of 1-j psec length and 2,5 EHz 
prf by an AHULAB PG-650-C Model II High Powered Pulsed 
Oscillator used as a Gated Anplifier, The output frequency 
of the Signal Generator was kept fixed at 10 JGiz, the 
resonant frequency of the quartz transducer used in this 
investigation. 

Since only one transducer was used to excite tiie 
original pulses and to sense the echoes, the signals 
corresponding to the echoes were available at the sane 
terninal (Fig, 3). The echo pulses were very weak and 
were anplified in two stages. An ARUIAB PA-620-B preanpli- 
fier was used to get a preliminary gain of about 20 to 
25 db. The preanplifier was tuned to the carrier wave 
frequency and the optimum amplification without distorsion 
of the pulses was achieved by adjusting the various ampli- 
fication gains at the input and output stages of the prean- 
plifier. The output of the preamplifier was then fed to an 
ARUMB WA-600-B wideband amplifier for amplification with 
a gain of about 70 to 80 db^ The video output of the wide 
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1 

band amplifier consisted of the positive envelopes of the 
echo- pulses and the main pulse. The video output was. 
displayed on a Tektronix 545 B Oscilloscope with Type L 
plug-in-unit . 

The Tektronix 545 B Oscilloscope, had two tine 
bases, A and B, In the present investigation* A delayed by 
node of operation was used for precise time neasurenents 
This node permitted the start of A sweep to be delayed for 
a selected tine after the signal event with the greatest 
amplitude (in the present case it was the origlzial pulse). 
In this node of operation any event within a series of 
events coTild be displayed in. a magnified form with a total 
horizontal magnification of lOOX. Further, the calibrated 
delay tine multiplier could be used to bring each event on 
a fixed marker on the screen and time between successive 
events could be directly read on the delay tine multiplier 
dial. The smallest delay tine measurable with the delay 
tine multiplier was 1* of the delay tine used^ in the 
present case 2 psecs, i,e,, about 0;02 psec. Any shorter 
delay time could be measured by proper calibration of the 
delay time multiplier and interpolation between two small 
divisions. Tine neasurenents with certainty could be made 
down to 0.01 psec. Before use, the two time bases were ohe 
eked and calibrated against a Type ISOA Tektronix time 
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nark generator. To increase further the accuracy of 
neasuronent, instead of neasuring delay tine between two 
echoes, wherever it was possible, a nunber of echoes 
could be chosen, A photograph of the whole equipnent is 
shown in Pig. 5 and a typical longitudinal ware echo train 
for Aluniniun at roon temperature is shown in Pig, 6, 

2,3 Operation and Performance of the Pulse-Echo Bquipnent .. 

The performance of the equipnent was tested with 
a polycrystalline copper specimen made from a 99.99 pet, 
pure stock supplied by M/s. Seni Elements Inc,, Eew York, 
U.S.A. Copper was chosen for this purpose because of the 
fact that good agreement was found to exist between velocity 
data reported by various workers^^”^^. Copper from the 
stock was nelted in a recr^stallised aloinina crucible. The 
chst metal was lightly cold forged and subsequently annea- 
led at YOO'^C for 2 days. The annealed sample was then- 
machined to produce a cylindrical specimen of 10 mm dia 
and 8 mm length. The machined specimen was annealed again 
at 500^0 for 4 hours. The specimen was then metallographi- 
cally polished. The two parallel surfaces of the p-ure 
copper specimen were carefully cleaned with acetone and on 
one of them a thin layer of bonding agent (such as Dow 
Coming 200 Silicone fluid or Honaq stop-cock grease) was 
applied. The transducer was then carefully pressed on to 
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the greased specinen surface and the excess fluid -was . 
wiped out. The specinen was then placed between the copper 
contact points of the specinen holder. The can was sold- 
ered in its place and the specinen chanber was evacuated 
with the help of the vacuun system. The specinen holding 
assembly was slowly lowered into liquid nitrogen when a 
vacuTon better than 5 x lO” nn of Hg was obtained, Ho 
test with liquid He was performed . A snail amount of 
He gas was introduced into the specinen chanber a,nd within 
15 minutes the specinen temperature wont down close to 77°K 
and within 50 minutes a stable 77°K tenperatxire could be 
obtained. 

For the present work measurements were carried out 
between 77°H and room temperature and the above method of 
operation was not used. The can was detached from the 
specinen holder and the velocity of longitudinal ultrasonic 
waves was measured at room temperature. Then the specinen 
holder was inserted into a 30” long and 4" dia dewar flask 
covered with a styrofoam block. The bottom 4’* of the 
dewar was filled with liquid nitrogen. The specimen was 
dipped in the liquid nitrogen bath and the velocity was 
measured. It was then lifted out of the bath and kept 
very close to the surface of liquid H 2 * ^ about 15 to 

20 minutes time the specimen temperature stabilized to a 
higher value and the temperature was found to be within 
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+ 1°K for about 10 ninutes. This time was sufficiont to 
nake the velocity neasurenents. In this way, by adjusting 
the position of the specinen above the liquid nitrogen level 
any desired tenperature between 77°K and about 300^E could 
be easily obtained. The details of the procedure for 
operating the equipment and the switch positions for the 
electronic equipments are given in Appendix A, 

Due to veiy high attenuation of ultrasonic waves 
in copper, only two observable echoes were available for 
measurement. The echo tine was measured at 77°E and 
The observed data and the averaged longitudinal wave 
velocity of copper calculated from the single crystal 
data is given in Table 5* 

The success of the measurement depends on good 
bonding of the specinen and the transducer. Honaq stop 
cock grease has been recommended for bonding at low tern— 
perature^*^. However, in the present investigation the 
performance of this material between about 100 K and 250 K 
was not found satisfactory. Performance of DC 200 silicone 
fluid was better in this temperature range than around 
room temperature. Several measurements at room temioerature 
with DO 200 fluid had to be confirmed with experiments 


using the Nonaq grease. 
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TalDle 5 : Longitudinal wave velocity in copper 


Tenp°E 

Delay tine"^ 
(isec 

Yelocity obser- 
ved pM/ sec 

Yelocity calc, 
M/sec^^ 

77 

3.19 

4881 

4828 

306 

3.28 

4762 

4726 

Specimen 

Length = 7.815 

m 






GHAPTER 3 


X-RAY DIEPaACTOMBTBR ATTACHMEITT FOR LOW LEMPBRATURB 

As given in Eqn^ 3 $ the nunher of independent mass 
centres per unit volume is needed to evaluo.teQjj and this 
can be easily obtained if the lattice parameter and crystal 
structure of the material is known. To determine precise 
lattice parameter as a function of temperature a diffracto- 
meter was considered reasonably accurate and convenient. 

Thus for GE - ZRD/Y diffractometer a low temperature 
attachment to work between 77'^E and room temperature was 
designed. 

The low temperature attachment for the X-ray di- 
ffractometer should essentially provide the following faci- 
lities, a) easy specimen alignment with respect to the 
X-ray boam, b) bringing down the temperature of the specimen 
close to 77^Kf c) providing minimum heat leakage to the 
specimen, d) heating up the specimen to any desired tem- 
peratureA e) maintaining the specimen temperature at any 
desired level for proper recording of the diffraction 
pattoi*n. Beeping these points in mind the low temperature ^ 
attachment shown in Fig. 8 was designed to work between 
77 and room temperature and the block diagram for the low 
temperature attachment is shown in Fig. 7. 
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The low tenperature attachnent for diffractoneter 
essentially had two parts, a) the liquid 1^2 tank with the 
specirion holder, and (h) the base of the attachnent con- 
sisting of Z-ray window, specimen alignment features and 
vacuum attachments. The following sections give details 
of the equipment and its test performance, 

5*1 The Liquid Nitrogen Tank 

The liquid nitrogen tank (2) had a capacity of 
about 2 litres and was made of a thin walled copper tube 
closed at the bottom by a thin copper flange* The tank 
was coaxially suspended from the top covering plate of the 
outer shell (5) with the help of a thin wall (1,12" dia, 
0.01” wall thickness) stainless steel tube (1). To the 
bottom of the tank a 0,375” dia copper tube (4) was silver 
brazed. At the other end of this tube the specimen holder 
(8) was attached. The holder was machined out of a cylin- 
drical copper block such that the specimen surface (7) was 
always coplanar with the diffractometer rotation axis (39) • 
The specimen plsite (50) » nade of copper, was with a 1" x 
1” X 0,03” groove bo hold the specimen powder. The spe- 
cimen plate snugly fitted into the holder and two tight- 
ening screws (3l) were provided to ensure good thermal 
contact between the specimen plate and the plate holder. 

To reduce the thermal leak to the 'specimen by radiation 
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a detacliable radiation shield (24) was attached to the 
hotton of the tank. Two heaters (5 >33) were provided on 
the copper tube and the specinen plate to heat up the speci- 
nen and to maintain the desired elevated tenperature above 
77*^E. Two copper - constantan thernocouplos (34), attached 
to the specinen plate, measured the temperature p.t the top 
and bottom ends of the plate. The connections for the 
thermocouples and heaters were led out of the outer shell 
through a nultiterninal Kovar plug (32) attached to the 
body of the outer shell. 

3.2 The base of the Attachment 

The base, with the vacutun system, was designed to 
fit on the central platform of the spectrogonioneter of 
the GrE - XHD - Y or VI X-ray diffractometer. On the outer 
shell (3) a 1” wide opening (6), covering an angular range 
of 200°, was cut and a 0,01" thick Be - foil was attached 
to it with the help of Bysol epoxy adhesive resin. The Be 
foil served as the X-ray window. The shell was closed 
at the bottom by a brass plate, which was supported by 
throe spacer studs (9), The support for the diffusion 
pumps (3) was also attached to the brass plate, A li^t 
weight diffusion pump (13), mde of glass and with an 
0-ring flange at the end of the Xovar high vacuum end (18), 
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was connected to the outer shell (3) through an isola-tion 
valve (35)* About 20 cc diffusion punp oil could bo used 
in the diffusion punp. The oil was heated fron outside 
with the help of a heater (14) also supported by the sane 
diffusion punp support, A 140 lit/ninute capacity nechanical 
punp, nounted on a novable trolley, was connected to the 
diffusion punp tlirough a 3’ long 0,875” dia rubber hose to 
enable free rotation of the diffusion punp with the rotation 
of the spectrogonioneter. The photograph of the equipnent 
is shown ^n Pig. 9. The flexibility of the rotation of the 
diffusion punp was-, however, linited to about 60° in the 20 
scale. Depending on the angular region to be studied, the 
position of the nechanical punp had to be changed. 

The s . acer studs supporting the base were fixed on 
a brass plate (11) which could rotate with respect to the 
plate (12) attached with the diffractoneter platforn by 
holding screws, A worn and gear arrangement (23) wa,s provi- 
ded for rotation of tho plate (11). A vernier scale (22) 
with a least count of 0,05° was engraved on the bottom 
plate and a nain scale was engraved on the rotating plate, 
Purther adjustment for alignment of the specimen holder 
was made by making the specimen tilt back and forth by 
adjusting the spacer studs. Once the proper position of 
the specimen was obtained on the diffractoneter through the 
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tilting and rotating devices the lock nut (10) could be 
tightened to prevent accidental rotation of the low ten- 
pe nature a.ttachnent. 

An internediate cylindrioal part, to which an air 
inlet va,lve (26) was attached, was used to facilitato easy 
servicing of the nain two parts, Necessary guide pins 
and Hatching holes were provided on the adjacent flanges 
of the three parts for easy alignment of the parts and to 
ensure that no major change in the specimen position occured 
once the position of the base plate was fixed, 

5*3 Operation and Performance of the Low Tegperature 
Attachment 

After cleaning the specimen plate with acetone the 
specimen powder was pressed into the groove with a clean 
glass slide and the pressed powder was levelled by scraping 
with the edge of the glass slide till the powder specimen 
surface was flush with the rim of the specimen plate. The 
spociiion plate was fixed in the holder with the help of the 
fixing screw's , the heater connections were made and the 
two, thermocouples were soft soldered with the specimen plate. 
After chocking the alignment of the specimen, the diffra- 
ction line positions at room temperature were determined. 

The isolation valve was closed and the initial evacuation 
was started with the mechanical pump. The isolation valve 
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•wa.s opened very slowly to avoid sudden evacuation of the 
low tonperaturo attachnent. This was necessary to prevent 
the powder fron falling off the specimen plate, ¥hen with 
the help of the diffusion punp the inside pressure went 
holow 10 ^ nn Hg liquid N 2 'was poured into the nitrogen 
tank of the low temperature attachment. Almost immediately 
the pressure inside began to fall and in about 20 mins of 
it cojiiG down to about 2- x 10 nm of Hg, In about 30 mi- 
nutes the specimen temperature cane down to a stable 89°K* 
The specimen temperature measured with the two thermo- 
couples differed by only I'^K, 

For taking the specimen to any intermediate tempei^- 
ture, the input voltage to the two heaters was increased • 
and the system was allowed to cone to equilibrium. After 
a lapse of 20 to30 minutes, the usual time taken by the 
specimen to come to a stable temperature, the temperature 
was measured and if it remained constant (to within + 1°K) 
for more than 10 minutes diffraction peak position was 
determined, hue to the use of 40 gauge manganin wire, which 
was suitable for use at low temperatures, the heaters 
co-uld not be usod above 250°E:. In order to avoid damage to 
the heaters all measurements were carried out between 89 K 
and 230°E. 


m 



SincG a glass diffusion punp was used, a conti- 
nuous, scanning nethod for record of tho diffraction 
peak was not possible. This however was not a real 
limitation for the present purpose beca.usG a step scan 
method wa.s used. The step scan method is superior to the 
continuous scanning method because no peak shift due to 
rate of scanning occurs. For the estimation of lattice 
pa,ramoter the diffraction peaks in the 20 angular range 
of 100 to 145 were recorded using a manual stop scan 
method with a 40 sec counting tine, A typical diffraction 
loealo for_ A1 at 89^K and 306°K is shown in Fig, 10, 

To test the performance of the low temperature 
attachment at room temperatiire pure A1 powder (99.9 pet, 
pure, supplied by semi-elements Inc,, Eew York) was used. 
Four reflections, (ill), (311), (331) and (420), were 
recorded using NiK^ radiation at 50 KJ and 9 mA. For com- 
parison, the same A1 powder specimen was used for taking 
a diffraction pattern using the room temperature holder 
of the GB diffractometer. The lattice parameter data cal- 
culated from tho four reflections for both the low tempera- 
ture attachment and the room temperature holder are shown 
in Table 6 and Fig, 11, It is clear from the figure that 
the systematic errors for small angles are conparitively 
large for the low temperature attachment but is of the same 
order as the room temperature holder at the high angle 
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■fable 6' i fhe peak posi'oions jnd lattice parameters of Aluminium as 

obtained at (306°xC) by usinj the spectrotjoniometer spocimen 
holder and the lo'f temperature attaoliment. 
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lablo 7 • Observed La'b’tice parameter of Aluminium 

at different temperatures 


0 

^q(A) 


femp. °k: 


4.0330 89 
4.0335 102 
4.0349 129 
4.0358 142 
4.0390 185 

306 


4.0498 
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I^r'ble 7 J Obs©rv6<5 Lattioe parameter of Aluminixira 
at different temperatures 


o 

S-Q C-^) 


Temp . °K 



4.0330 

89 

4.0335 

102 

4.0349 

129 

4.0358 

142 

4.0390 

185 

4.0498 

306 





Tabic B : Low tonpcrature lattice paraneter of A1 

calculated on the Tiasis of "van App’s therrial 
contraction data published by NBSoS, 


Tcrop K lattice parameter A 


20 

4.0319 

40 

■ 4.0320 

60 

4.0324 

80 

^ 4.0330 

IOC 

4.0338 

120 

4.0349 

140 

4.0360 

160 

4.0373 

180 

4.0388 

200 

4.0403 

240 

4.0430 

280 

4.0472 
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SXxBIvIlGirJAL PROCSDURE 
4,,1 Pr:..:.priration of Si.)ocj±ien3 

In this invostigation. pure A1 and Al-2n alloys we 
used. Tlio alloys wero nado from 99*9% pure Aluniniun and 
99%9% ruro Zinc supplied by M/s, Seni Elenonts Inc., U.S.i 
Iho iil~rich side of the Al-2n phase diagran is shown in 
Fig, 13. Aluniniun has about 4 at, pet. solubility for Zinc 
at r'')on t:.";.. oraturo. Higher Zn containing alloys in super- 
saturated condition give rise to clusters at room tonpera- 
ture very quickly^^. In tho lower Zn concentration (<15 
at .pet, Zn) regions, however, the alloys can be kept in 
tho quenched supeCsaturat od state without any cluster 
fornation for at least 10 nins. On the basis of the above 
linitations the alloys were chosen to contain 1,2,3,4*10 
and 15 at, pot* Zn, 

Ihe pure aluniniun specinen and alloy spooinens 
with land 2 at^ pet, Zn were nelted in a high freopaoncy 
induction nolting unit under protective Argon gas atnos- 
phere. The rest of the four higher Zn containing a.lloys 
were neltod in an open pit furnace using boros flux and | 
chill cast in a 12»5 nn dia split nould nade of nild steel' 
As foimd in trial neltings, the Zinc loss due to vappriza-| 
tion was about 1 pet and was taken care of xn the charge [ 
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» calculaliioii* Tli© aULoys wer© analysed for ZinQ usiiiS' wet 
assay nstiiod and A1 conteni/ was found, by difforenc©, dJabl© 

9 gives tiie intended and tte analysed oonpositions of tlie 
alloys. All specinens after casting weighed about 50 to 
60 gns. 

The cast specinens were then cut to about 4 cn long 
pieces and sealed in pyrex glass tubes under Argon gas 
at 1000 nicrons pressure^ The specinens were then anneal-®^ 
at 300^0. for 72 hrs to honogenise the cast o-fearw: fc-ar’o and 

subsequently water quenched. The honogenised specinens 
were then cut t o two snaller pieces of length about 2,5 cms 
and 1.5 cms. 

The longer part was used for the proparation of the 
specinens for ultrasonic studies. It was heated to 300^0 
and hot forged slightly from all directions to ensiire random 
grain orientation*. During forging a close watch was kept 
on the formation of cracks and in cases of doubt the 
specimens were rejected,. The forged specinens were then 
machined on a precision lathe to produce oylindrical sped- i 
mens of about 10 mm dia and 16 mm length. The final shapiUi^l 
was done on a lailling machine to have two parallel and j 

plane surfaces. The length of the specimen at this stage ; 
was about 10 mm, Pinal preparation of the two flat siirface| 
were done by polishing an Wet polishing wheels with ; 


Table ^ 




0‘-r 


s Teniiative and analysed coiaposition of 
tile alloys 


Tentative 
in atomic 

Composition 

percent 

Analysed Composition 
atomic percent 

A1 

Zn 

Zn 

A1 

99 

1 

0.7 

99.3 

98 

2 

2.4 

97.6 

97 

3 

3.3 

96.7 

96 

4 

4.5 

95.5 

90 

10 

8.6 

91.4 


13.9 


85 


15 


86.1 
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0*5 nicron alunina powder. Very low pressure was applied 
during polishing and a low speed of the wheel was found 
to give satisfactory polishing. To remove the strains 
produced during naohlning the specimens were sealed under 
vacuum in pyrei tubes and annealed at 250^0 for 4 hrs, 
and water quenched. The length of the quenched specimens 
was measured by a Sheflield Accutron Electronic Comparator, 
The surface unevenness was found to be of the order of 
+ 0,002 mms. About 30 measurements were made for each 
specimen and the average values were used for velocity cal- 
culations, Eor the Al^^ ^^10 '^85 ^^15 this 

procedure was not followed. The details of the alternative 
procedure are given in Sec, 4,2, 

The smaller portion of the homogenised specimens were 
utilized for X-ray studies. An acid cutting unit for single 
crystals was modified to work as a continuous filing machi- 
ne. The acid string was replaced by a fine hard file and 
the to and fro movement .of the string was used for moving 
the file. The alloy pieces were vacuum sealed and annealed 
at 250°C for 48 hrs and water quenched. The specimens were 
fixed on the single crystal holder of the acid cutting unit. 
In this method sufficient powder for X-ray studies could be 
collected in about 50 hrs. The powder was then screened 
with a 300 mesh seive* The finer powder was again vacuum 
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sealed, annealed at 250°C for 20 minutes and water quen- 
ched. The powder was then placed in the specimen holder 
of the low temperature attachement for X-ray diffraction 
studies. This procedure was not followed for the AdgQ Zn^Q 
and Alg^ ^^15 £*-dloys, the details of the alternative 
procedure are given in Sec, 4.3. 


4,2 Procedure for Operation of the Ultrasonic Equipment 
with Hi)9:h Zn Alloys 

According to the Al-Zn constitution diagram (Pig. 13 
and the work of Panseri et ax it is known that uioto 
4 at. pet, 2n in A1 the single phase characteristics of 
the alloy can be retained whereas for the higher Zn alloys 
(10 and 15 at*pct.2n) the single phase without formation of 
any clusters can be retained if the alloy is quenched to 
room temperature and within 10 minutes cooled down 50 K beloTi 
room temperature. Because of this a different procedure 
had to be adopted for the two high Zn alloys. 

Immediately after quenching from 500°G, the length 
of the samples were measured by a micrometer screw gauge. 

The sample was cleaned and DC-200 silicone fluid was 
applied on one plane surface. The transducer was fixed 
and the specimen was fitted 'in the specimen holder. The 
specimen holder was immediately , immersed in liquid Nitrogen, 
This way, the specimen was kept at room temperature for ^ ® 
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than 3 ninutas* Tlien the adjustments were done for the 
electronic systens (Appendix A) and data were taken upto 
about 220°K. Beyond this temperature no further data was 
taken due to the fact that close to room temperature the 
clustering, zone formation and precipitation reactions are 
expected to start* 

PTneodure for Oueration of the X-Hay Attachment fp^ 

High Zn Alloys 


Duo to the sane reasons as mentioned above a 


special procedure for the X-ray study of the two high Zn 
alloys was used. Immediately after quenching, the powder 
was fiUad in the specimen plate without any binder. The 
plate was fixed in the specimen holder and the top part of 
the attaOhiAont was connected with the bottom part. The 
noohanical was started with the isolation valve closed 

and onoo the initial punp noise subsided, the isolation 
valve was slowlsr opened. Throughout the process oi opening 
of the isolation valve the X-ray e<iuipnent was kept runn- 


ing and watoh was kept on the peak Intensity after nanually 
flying the spootrogonioneter on the 26 corresponding to 
the (420) peak. When the vaouun reached about .50 nlorons 


4 - es ft-nri it was mad© sure that the specimen 
in 2 to 3 minutes and ix was 

surface was not damged (I.e.- the peak intensity did not 
fall) about 0.5 litres ot ^ 
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■ttinlc ^ivint;j rise "bo h.e; 2 ,vy frosting of th.© whole equipnent. 

This resulted in reducing the temperature of the specinen 
to about 200 K, The oil diffusion pump was then operated 
and in about 30 minutes tine, the vacuum improved to 

—5 

about 2 X 10 mm of Hg and the frost melted out. The 
attadlinont was wiped dry and more liquid Hitrogen was 
poured in. This procedure, though quite cunbresome, help- 
ed in reducing the specinen temperature below 200 °k; within 
6 to 7 minutes of quenching. The X-ray diffraction data 
for the 10 and 15 at .pet. 2n alloys were not collected 
in the tomporature range of 220°Z to 300°K, 

4.4 Ocalibration of Themocounlos 

Four copper - constantan thermocouples , two each 
for the two equipments wore calibrated against the boiling 
point of liquid nitrogen, freezing points of ethyl alcohol, 
acetono and water. The e,m,f. of the thermocouples were 
measurod by a Leeds and Horthrup 8686 potentiometer with 
th© hot junction in ice and water mixture. Table 10 shows 
tho results of the calibration, A comparison of the cali- 
bration data of copper - constantan thermocouple was made ^ 

with the e.n.f. - temperature chart published by M/s, | 

Onega Engineering Inc., Stamford, U.S.A. Since no major : 

I 

difference in the corresponding e,n,f. values were observed, | 

the chart was used to convert the thermoooupl© mlues | 

' ■' ' . ' '■ ' ' ' " ' ' ■'[ 

to. temperature. ■ . 1 ' 
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lable 1 « The observed e.m-.f , values for the thermo- 

couples at the calibration points. 


Bath 

Fixed Temp, 


e,m,f, in 

mv 


(oK) 

T*C. ■ 
No.l 

T.C. I.C. 

No. 2 No, 3 

T.C. . Chart 

No. 4 

liq. Nitro- 
gen 

77 

-5.47 

^5.46 -5.47 

-5.47 -5'. 46 

Ettyl Alco- 
hol 

156 

-3.82 

-3.82 -3.83 

-3.82 -3.82 

Acetone 

178 

-3.21 

-3.21 -5.21 

-3.21 -3.21 

■feter 

275 

0.00 

0,00 0.00 

0.00 0.00 


Chart published by M/s. Omega Engineering Inc. 
a tar" ’i'o rd , U . S, A , 



CHAPTER 5 


RESULTS 

Yclocity of 10 MHz longitudinal and shear waves 
wore doter-uined as a function of temperature using the 
pulse - echo oquipnont. Since large nmher of echoes for 
longitudinal waves could bo obtained (Pig, 6), the pulse- 
ocho delay time could bo measured using several echoes. 

In practice, however, the delay tine multiplier of tine 
base B (S-I-SB Tektronix Oscilloscope) gave a maximum delay 
of 20 jisocs which could accomodate only six successive 
echoes for moas’oroiient. In case of the shear waves, only 
two successive echoes could be obtained and accordingly, 
the delay time was neasured with only two echoes,. Thus, 
the velocity of longitudinal waves could be determined with 
higher accuracy. Tables 11,13»15,17,19,21 and 23 and Pig, 

14 shows the delay time and velocity of longitudinal waves 
in the specimens between 77°IC and and Tables 12,14, 

16,18,20,22 and 24 and Fig, 15 shows the delay tine and 
velocity of shear waves in the specimens between 77'^K and 
250°iC, The lattice parameters of A1 and Al-Zh alloys were 
determined using the low temperature attachment with the 
help of the (420) reflection and the variation of lattice pa- 
rameters with temperature for the s]pecinens are shown in 
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lallcc. 7 rini 25 to 30 and Fig. 16, 

.riii; ncnsuTod dcitn wer© used to derive the values 
of thuru;.l cxransion coeffient, Q p, bulk nodulus, shear 
nodulus and Young’s nodxilus between Q°K and 300°K. The 
values of v^, and aj^were fit by the least 
square nethod with a fourth order polynonial in tenperature 
of the forn = F^ 4- AT + BT^ + CT^ + DT^ such that the 
slope of the curve against T goes to zero as T-^O^K; The 
least square fit of data wore obtained with an IBM 7044 
electronic conputer using double precision. It has been 
theoretically justified that the rate of change of elas- 
tic constants and hence of the velocities and 0^, is 
zero at T = 0°K. Using the values of v^, v^ and lattice 
paranetor corresponding to the polynonial ©j, (from Bqn. 15) 
bulk uoflulUB (fron Bqn, 21), shear modulus (from Bqn,. 22), 
thornal o:-:;ansion coefficient and Young's modulus (Y) 

(fron the relation | + | = f ) ’'ere calculated at every 
25®K from 0® to 300°K:. Tables 32 to 38 give the calcu- 
lated parameters and the standard deviations for the 
L.S. fit Fig! 17 shows the variation of ©p with tempera- 
ture and Fig. 18 shows the variation of O^K values of ©p, 
bulk modulus and shear modulus with composition. 
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In both the Tolocity and lattice paraneter 

neas-ireaonts, tenporatiire was kept constant within + 

The error in apecinon length variation or lattice paraoeter 

variation during neasurenenta, due to this variation in, 

temperature is small and has been neglected. The other 

errors nay bs grouped as (1) Instrunental Errors (2) Eandon 

Errors* Tho instrunental errors in the evaluation of 

velocities and0jj aro shown in Table 51* It is clear that 

the errors are quite snail and the final data for^is 

correct to about 1 pet. In the calculation of errors, jao 

r,2.1 v: • were aado for transit tine errors which.are 

63^64 

quite snail and varies between 0.02 to 0,1 pseo* 

In tho prosont work, the transit tine due to the passage 
of the iiulso-achoos through the bond and the transducer 
did not affoct the results, since the delay tine rneasure- 
nents wore nade with successive echoes and not with res- 
pect to tho original pulse. 
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Tnbic -- : iteasurod Longitudinal wave velocity in 
Aluninium 

bl?oci'’on size = 1,053 cns 


Dcl:iy Time 

|,l Ij ij c # 

Velocity li/uoo 

Temp°K 

3.183 

6465 

77 

3.1B7 

6458 

90 

3.167 

6458 

112 

3 • 190 

6451 

123 

3.197 

6444 

149 

3,203 

6431 

180 

3.220 

6404 

207 

3.227 

6390 

230 

■a: o 1 c 

J # fc'ir J 

6364 

267 

3.263 

6331 

291 

3,273 

6312 

311 


Table 12 . 

Meaeurod shear wave velocity in Aluminium 

Spccinen size = 1.033 cns 

Delay Tisno 

H sec. 

Velocity M/eeo. 

Temp°K 

6 .44 

3196 

77 

6,44 

3196 

9-1 

6.46 

3186 

110 

6.46 

3186 

127 

6.48 

3179 

159 

6,52 

3160 

186 

6.56 

3146 

221 

6.62 

3119 

253 
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:r::.bls:; 1" . Haasured longitudinal wave velocity in 

.ilujTiiniurj 1 percent Zn alloy. 



Specimen size 

= 1.035 cn 

Del;:-:/ '2i:r,o 

Velocity 

(M/bos) 


Temp^K 

3.197 

6450 


77 

3.193 

6447 


91 

3.200 

6444 


108 

3.205 

6437 


128 

3.210 

6450 


155 

3.217 

6417 


174 

5.227 

6403 


198 

5.253 

6390 


217 

j * ;; 

6357 


257 

5.275 

6324 


289 

3.283 

6304 


313 


Tabic 1 : : 

Measured shear wave velocity in Aluminium 

1 peroBnt Zu alloy, ^ 

Delay Time 

Velocitv Temp.^K 


p soc, 


6.48 

3182 

77 

6.49 

5177 

110 

6.50 

3172 

127 

6.54 

3156 

166 

6.58 

3140 

195 

6.65 

3114 

233 
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rp-blo 13 Measured Longitudinal wave velocity in 
aluminium 2 percent Zn alloy. 

Specimen si 2 e= 1*021 cm 


Dclr.'J li-Vii') 

U S'ic. 

Velocity ' ■. •. . 

(M/s3o) 

Temp°K! 

3.19c 

6376 

77 

3.190 

6376 

89 

3.193 

6370 

102 

5.157 

6365 

114 

5.205 

6349 

160 

5.22c 

6329 

186 

3.227 

6316 

208 

5 . 237 

6297 

244 

3.250 

6258 

274 

3.280 

6226 

313 


Pablc 13 ; Measured shear wave velocity in aluminixim 

2 percent Zn alloy. 

Specimen size - 1.021 ems* 


Delay Time 
p. see. 


Velocity 

(M./sec.) 


Tempos 


6.52 

6.54 

6.54 
6,56 
6.61 
6.66 
6.70 


5120 

3110 

3110 

3104 

3079 

3060 

3042 


77 

109 

133 

156 

194 

229 

246 



Wi VI 


76 


I i-: -i.7 ; Heasured longitudinal wave velocity in 

Aluminium 3 percent Zn alloy. 

Specimen size = 1,019 cms 


Dcl::y r-imc Velocity Temp°K; 

i-i :;c:c M/sec, 


3 . 207 

6351 

77 

3.210 

6326 

113 

rr "0 1 

6317 

130 

3.216 

6311 

140 

3.220 

6304 

156 

3.223 

6293 

177 

3.240 

ezja 

206 

3.260 

6245 

247 

3.273 

6222 

213 

3.257 

6182 

315 


'I'lulo 10 

: Measured shear wave velocity in 
3 percent Zn alloy*' 

Specimen size = 

Aluminium 

1,019 cms. 

Delay Time 

Velocity 

Temp°K 

!i sec 

M/sec, 


6,56 

3095 

77 

6.58 

3088 

112 

6,60 

3079 

141 

6.61 

3074 

154 

6.64 

3063 

177 

6.68 

3047 

205 

6.72 

3030 

228 

6.76 

3012 

246 
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• Hoasured longitudinal wave velocity in 
AluQiniurii 4 percent Zn alloy. 

Specimen size = 1.006 cms. 


le’.'-y I'iriC 

1.1 c 0 . 

Velocity 

M/sec, 

lemp°K. 

3.207 

6249 

77 


6249 

84 

.U 

6243 

117 

•:;4 '1 '7 

'■ f> *-i i 

6230 

138 

- 7 7; 

6223 

163 

,yi «» :#S!. ,j i 

6204 

192 

... ,, 

S f 

6185 

222 

.... r- 0j 

1 « **.* i 

6172 

243 

■4 07 ; 7 

6153 

267 

3,283 

6122 

291 

3 . i' '1 :*' 

6109 

312 

Tnbl-i 44 ; 

Measured shear wave velocity 
4 percent Zn alloy. 

Specimen size = 

in Aluiiainium 

1.006 cms. 

Delay Time 

Velocity 

Temp°K. 

1.1 sec. 

M/sec < 



o.t)o 

6.56 
6 .60 
6.64 
6.67 
6.74 


3055 

3046 

3036 

3021 

3004 

2982 


77 

110 

148 

175 

199 

234 
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'1 1 

I'iCSoiirsti longiludiUcil wave velocity in 
Aluminium 10 percent Zn alloy. 

Specimen size = 1.007 oms 

r.L".c 

Velocity 

a>empt°K 

i-i c; , 

M/seQ. 



6079 

77 

3 » 298 

6076 

85 

3 . 300 

6073 

96 

3.300 

6070 

110 

3.307 

6066 

129 

3.313 

6054 

146 

3.520 

6042 

170 

3. ;o:; 

6024 

189 

3.350 

5994 

216 


Table 22 ; 

Measured shear wave velocity in Aluminium 

10 percent Zn alloy. 

Specimen size = 1.007 oms. 

Delay Tirae 

Velocity 

Temp°K 

|.l soc. 

M/sec. 


6.92 

2896 

77 

6 .94 

2888 

108 

6.96 

2882 

130 

7.04 

2842 

170 

7.08 

2836 

206 

7.14 

2812 

226 
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Table ; : : Hoasured longitudinal wave velocity in 

j.l iaiuTi 15 percent Zn alloy. 

Specimen size = 1,006 ems 


Dei.\)' Ti:;e 
a see. 

Velocity 

M/sec, 

Temp^K 


5848 

77 

3. 4 >2 

5845 

96 


5842 

108 

3,4.‘0 

5837 

131 

*7 --I n 

J * *'r' f 

5825 

146 

3.457 

5809 

172 

3.470 

5792 

194 

3.477 

5781 

207 


Table b , ; Measured shear wave velocity in Aluminium 

15 percent Zn alloy. 



Specimen size 

= 1,006 ems. 

Delay Time 

Velocity 

Temp°K 

ii sec. 

M/sec. 


7.18 

2794 

77 

7.20 

2786 

106 

7.22 

2780 

131 

7.24 

2773 

162 

7.30 

2753 

197 

7.34 

2738 ' 

224 

7.33 

2726 

246 


# 



:abl- 


i*Ieasuro(i Lattice parameter of Alinninium 
1 percent Zn alloy. 


0 

\U) 

Temp^K 

4.0326 

89 

4.0329 

98 

*..0341 

122 

4 .0356 

148 

4 .0576 

174 

4.0398 

201 

4.0495 

307 


'i''’.blc 5 > ! Measured Lattice parameter of Aluminium 

2 percent Zn alloy. 


0 

CLo(A) 


Temp°K 


4.0317 

89 

4.0321 

102 

4.0329 

118 

4.0343 

141 

4.0359 

. 166 

4.0390 

201 

4 » 0484 

304 
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i^U'Ssured Iia,1;i;lQe params'fcer of AluniniU'ii 
.3 percent Zn alloy. 


D 

Temp°Z 


.0509 

89 

.O'jlS 

no 

.0555 

159 

.0357 

174 

• 0 j^8o 

207 

,0478 

305 


: Measured lattice parameter of Aluminium 
4 percent Zn alloy. 


(A) 
0 ' 


Temp°E 


4.0301 

89 

4.0309 

112 

4.0319 

127 

4.0342 

162 

4,0371 

199 

4.0472 

307 
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iaolc < .r . M0asured lattice parameter of Aluminium 
10 percent Zn alloy. 


0 

"'-q(A) Tempos 


4.0294 

89 

4.0298 

103 

.0307 

125 

4.0322 

147 

4.0337 

168 

4.0377 

215 


Table : Measured Lattice parameter of Aluminium 

15 percent Zn alloy. 
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Tnblc 31 


errors entering in the results 


:-lo'i3ur<. ;:1 Qu-.ntity Critical Measu- Accuracy Maxinun pot,. 

rod Quartity error 

Bd 


2 

- 

+ 0.005° 

0.01 

- 

- ■ 

Delay ti'.c (1) 

20 psec 

+ 0 « 02 1-1 

0.01 

H 

• 

O 


" ” (n) 

6 

sec 

» 1 

0.64 

- 

0.4 

3;;:cci::;:n length 

1 ens 

+0*001 CDS 

0.48 

O'.l 

1 

1 O 

I 

1 H 

Total 



l.U 

0.2 

0.5 
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CHAPTER 6 


DISCUSSIONS 

The perfornance of the pulse-echo equipnent was 

tested by neasuring the velocity of longitudinal waves 

in pure copper (99.99 pct^ at 77°E and 506°E (Table 5). 

Copper was specifically chosen for this purpose because 

the reported values of the single - crystal elastic 

moduli of copper from various sources^'^"*^^ were very close 

to reach other. No data in the required tcnperature range 

(77^K to 300°E) was available for poly crystalline specimens 

of copper. In order to compare the observed velocities, 

the single crystal elastic moduli of copper reported by 

54 

Overton and Gaffney was converted to an averaged velocity 
of longitudinal waves for polycrystalline specimens using 
the VRH method^^ (Table 5). The work of Overton and 
Gaffney was chosen for this purpose because the single ~ 
crystal elastic moduli for copper between 0°E and 300°E 
has boon reported and values at 77°K and 506*^ could be 
easily found by interpolation and extrapolation* The accu- 
racy of the single crystal data was reported to be 1.8 pet, 
i.e. about 90 M/sec in terms of the longitudinal velocity. 
In the present investigation longitudinal wave velocity 
in poly crystalline specimens of copper has an accuracy of 
about 40 M/sec, Accoi*ding to Table 5» the differences 
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between the observed and calculated velocities are 53 
and 36 M/sec, respectively, at 77°K and 306°E;. The snail 
difference between the calculated and neasured velocities 
are well within the total error limit and thus indicates 
that the present neasurenents are reliable. 

The neasured longitudinal and transverse wave 
velocities for pure aluniniun at 0°E: was found to be 6468 
and 3204 M/sec. (Table 30), Anderson^ calculated the 
average velocity of the longitudinal and transverse ultra- 
sonic waves at 0°K fron the neasured single crystal elastic 
noduli^to' be 6794 M/sec and 3235 M/sec respectively. While 
the neasured velocity of shear waves natch well with 
Anderson's data the neasured value of the longitudinal 
velocity is about 5 pot, lower than the calculated va,lue* 
This nay be due to the fact that considerable difference 
exists among the single crystal elastic moduli of A1 report' 
ed by various workers^ Using the data of Schnunk and 
Snith^^ at 298°E Anderson^^ calculated the average longi- 
tudinal and shear wave velocity and reported then to be 
6422 M/sec and 3110 M/ sec respectively. lar et al ‘ used 
the third order elastic moduli of Al at room temperature 

go gQ 

neasurod by Sanna and Roddy and Thonas • Tlie results 
of the present investigation show the velocities to be 
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6324 mid 3065 M/sec, Agreement of the calculated wave 
volocities at 298*^S[ with the present data is "better than 
that at 0°K* longitudinal wave velocities in single and 
poly crystalline specimen of pure A1 has been measured at 
room temperature by Rokhlin^®'^^ at room temperature (not 
iiontioned) and in both the cases the lingitudinal wave 
velocity was foimd to be =ibout 6300 M/sec. 

In spite of the wide use of Al-3n alloys as good 
51 52 

sound conductors * , little established data exists on 

the ultrasonic behaviour of these alloys. Rokhlin * 
reported a general effect of 2n addition to the longi- 
tudinal and transverse wave velocity of polycrystalline 
specinens and on the longitudinal wave velocity in single 
crystals of ilL at room temperature. Using Annealed speci- 
mens with Zn content upto about 15 at. pet, he showed a 
linear decrease in longitudinal wave velocity from about 
6300 M/sec in case of pure A1 to about 5600 M/sec in case 
of A1 q 5 Znj_5 alloy. Similarly , the shear wave velocity 
was found to decrease from about 3100 M/sec to about 
2700 M/sec. 

The measured, velocities of longitudinal and shear 
waves in six Al-2n alloys between and 300°K indicate, 
as in Rokhlin's work, that addition of 2n to A1 the ultra- 
sonic wave velocities decrease at all temperatures* A 
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C'.'rr-'r.risaii of the present results with the work of 
itokhlin is, however, ijossible only upto a Zn content 
of 4 at, pet, Zn since beyond that concentration the 
specii'icns used in the present work (10 at, pet, -Zn a,ncl 15 
at, pet, Zn) were in the quenched single phase state and 
specinens with similar composition in Rokhlin’s work . 
were in the annealed and two phase state. For the alloy 
AlggZn^ the longitudinal and shear wave velocities at 
room tonperature (300°K) is 6119 M/sec and 2930 M/sec. 
(Table 35) and the values corresponding to the sane com- 
position from Rokhlin* s work are about 6100 M/sgc and 
3000 M/sec. respectively, in very good agreement. 

A comparison of the effect of further addition of 

Zn to A1 on the velocities in the present investigation 

28 2Q 

nay be made with Rokhlin* s * ^ work. His data, however, 
is with annealed specimens and at room temperature. Con- 
sidering the values at 0°K, as obtained in this work, the 
longitudinal and shear wave velocities for the alloys. 

AI^q Zn^Q and Alg^ Zn^^ went dwon to 6091 M/sec, 2900 M/sec 
5856 M/sec and 2798 M/sec, with respect to the values for 
pure Al.' The reduction in the velocities per at. .pet, Zn, 
is comparable to the same parameter at room temperature 
reported by Rokhlin . 
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Lattice paranetep of pure A1 has hoen deterninod by 
a nuiabor of workers. Table 39 sunmrises sone of these 
and a conparison with -the present work is nade. It is to 
be noted that there exists sone observable difference in 
the reported lattice paranetor of high purity A1 at room 

7 A 7 

temperature "* ^ Lata for the present work is close to 

7n 

that of Dorn et al'^. 

The above test was performed at room temperature and 
it was also important to test the performance of the attach 
neiit at intermediate temperatures between 77°K and 300°K, 
The sa-me A1 powder was used for testing at low temperatures 
lo.ttice parameter was measured at a few temperatures betwee: 
89^K and 200”^K, Thermal contraction data (Al/l^) obtained 
by dial gauge dilatometer' and by interferometric method 
was used for calculating the expected lattice parameters 
at low temperat-ures on the basis of the measured lattice 
parameter at 306^K, which agreed well with several other 
data. The coEqparison of the observed and the published dat 
given in Table 39 shows a very good natch. At low tempera- 
ture agreement with Piggin' s*^^ data is noticablC; but 

75 

considerable difference with that of Heunann’s exists, 

¥ariation of the lattice parameter of Al-Bn alloys 
with tomperature is shown in Fig,*j 16* The general trend 
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I'ablc 

39 : 

Lattice Parameter of 

A1 from various 

sources 



o' 





Lattice Parameter A 

Purity 

Reference 

0 


4.0236 

— 

68 

0 


4.0315 

99.9 

X 

75 


4.0327 

99.99 

73 

75 


4.0325 


Z 

100 


4.0334 

99.9 

X ' 

100 


4.0334 


X 

125 


4.0353 

99.99 

73 

125 


4.0347 

99.9 

IT 

A 

150 


4.0365 

99.9 

+74 

150 


4.0363 


X 

2 23 


4.0427 

99.994 

69 

225 


4.0426 

99.9 

X 

225 


4.0415 


+ 74 

298 


4.0495 

99.995 

72 

<298 


4.0494 

99 

70 

298 


4.0496 

- 

71 

298 


4.0497 

99.99 

73 

300 


4.0494 

99.9 

Z 


^ Least ecLuare polynomial fit carve data points ( Table 32) 

Room tenperature data of the present work used with therma. 
contraction data of Rix and McNair. 
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. 1 i ,• >( id ©iriilsr to thrit of pixcG Al, it is obsBrved 
: n of Zr. cnuacd n. Donotonic reduction in the 

; Goripnrison can be made with the work 

70 7P 

,!'* -'.I and Axon and Hune-Rothory' , Por tho 


.IvV . 
1 A ■ ’ i ' 9 


^^0.75 

' ^ ik, 0 % **■ 


Born reported a lattice paraneter of 


K while in the present work the sane para— 
.■rvod for Al^g at 300*^K (Table 33). 5'or 


■ 1 

«i »• A*; 


98*3 


■99 

^^1,7 ^97.1 ^^^2.9 


. . f *''* 


Axon and Huno 
0 


ortcd lattice parameters of 4.0484 A and 


A*r ..a:i actively, while ^ present work the para- 

0 

:::; r ..Igg ZHj and at 300°K; are 4.0481 A and 

r!,' sj^'OCtivcly (Tables 34 and 35)_. , ■ 

rr»r-:l oaGl"'n c n-rff icionts for all the specimens 


t 


,J, 4- 
i. li- 


to 


£*3 ;: iivCi- rvals have been calculated from the polynomial 
■Q'f t!u.! ■ n:!.-' ratal data and are shown in Tables 32 

3 a* ..ca':>rdinyi to the present data the thermal expan- 
8.1 c-ri c—'.. flic lent for Al at 300°K is 23.2 x 10 per K. It 
c-)- ar a well with the room temperature data of ■ Straumanis 

Hhloh 13 23.3 X 10-® psr “k and of Nix and 


.'■.rid A’’/ 818 

Hciaia -, which 13 23.6 X 10^ Par “k. In case of the alloys 
a oil ;ht iucrcaeo in the ooefficlant with increasing Zn 
>r.t-nt has hoen obaeivod (Tables 32 - 3«. For the^alloys 

4 at, pet, 2n» the coefficient at 500°E is 


con.' 


rfitli i,2#3 and 


found to be 23t7 X , 
24.5 X 10"^ per ®K. ■ ■' 


6 24.2 X lO"^, 24.2 x 


and 



J. It. * M.J' » 


'.lues do not afo’ree woll with those of Hume Rothery 

••'.n'l •*iltbcc7^ 


even though they indicated increasing 


trc''- ’ 


i - * 


Pi»;* 17 shows tho pattern of the variation of 0^ 
t'..:;'r:d-'Oratur 0 for all the specinens. The general trend 
i s n .rr.al,, in the sense that a nonotonic reduction in©jj 
ia ■■Oui'Ve.i, In. a few alloys of v, v„ and a , were nea- 
aurcd ulnoot at the sane tonperatures (Table 40) and direct 
oalculatirin ofQj^ without the polynonial fit was possible, 
Tl'icae lirectly calculated data points are shown in Pig. 17 
vniich natch very well with the curves drawn on the basis 
of the ^.olyncnial fit-. Thus, it nay be inferred that the 
a; arcn-:i".ation associated with the L,S, Pit was very noninal 
:inJ tho ncthod of estination of Op is dependable, 

jJcbye tenperature of the specinens at -different 
tc':; or'vturcs are given in Tables 32 to 38, In case of pure 
-tl,0-, '.Iccroases fron 421*^K at to- 402°K at 300 K, Debye 
to’ipcraturc at O^K fron various sources are given in Table 
41, Fro^'i the table it is observed that the values cf the 
rjcbye tenperature for Aluniniun are scattered over a range 
of tonperaturo, .I!he present data, 421 IC, obtained with a 
polycrystalline specinen is in reasonable agreonent with . 
tho nore recent themal and elastic ones. The accuracy 
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. Debye temperature of some Al-Zn- alloys 
calculated from the measured values. 


CCr'/'OML- 

Observed 

Quantity 


Vclocity(L) 
Velocity (S) 

l.P, 


VGlocity(L) 

Vclocity(S} 

D.P. 

Velocity (L) 
Velocity (S) 


L.P. 


Velocity (L) 
Velocity (S) 
L.P. 

f 

M 

O 

VolocityfL) 

Vclocity(S) 

L.P. 

Velocity (L) 
Velocity (S) 

L.P* 

ill-1 'JZn 

Velocity (1) 
7clocity(S) 

L.P. 


VelocityCL) 

Vclocity(S) 

L.P. 


Observed 

Value 

Temp, of 
observa- 
tion 


6326 M/sec 

113 


3088 M/sec 

112 

406 

A. 0318 i 

110 


6311 M/sec 

140 


3079 M/sec 

141 

405 

4.0335 A 

139 


6293 M/sec 

177 


6063 M/sec 

177 

403 

4.0357 A 

174 


6278 M/sec 

206 


3047 M/sec 

205 

400 

4.0386 i 

207 


6066 M/sec 

129 


2882 M/sec 

130 

379 

4.0307 i 

125 


6042 M/sec 

170 


2842 M/sec 

170 

376 

4.0337 1 

168 


5842 M/sec 

108 


2786 M/sec 

106 

368 

4.0273 i 

105 


5837 M/sec 

131 


2780 M/sec 

131 

367 

4.0287 1 

133 
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+1 : Dotjc !;-..:;.yaratiire of -11 fron Various Sources 


...r.^rcrature 

Method of Measure- 
nont 

Reference 

380 

Thernal 

85 

390 

I t 

86 

■MB 

I ! 

87 ■ 

• , ic; f 

Elastic 

22 

■>27 

1 1 

88 

428 

Thornal 

89 

■;3i 

Elastic 

54 


Ill 


rif3r..ci--tc’l vith tho present data is about 1 pet. Within 
t'lio x.i.i<i^t .j£ t L.'ri.,i 0 ntal error there is good agreenent 
aii.l it be said that the use of the sinple nothod of 
usin.; poly crystalline epocinens for the estination ofQjj 
IG quite dcpendablo. Particularly in case of alloys 
where single crystals nay not be grown easily, a check on 
the 0p*hoat data can always be nade in this way. 

Fig, 18 shows the variation of^^j. Bulk nodulus and 
shear " . of the specinens with Zinc content. The 

variation of is very snooth and continuously decreasing 
with increasing 2n content, ' The variation in case of the 
no dull is very snail. However, a nonotonic decrease in 
tho shear nodulus can be observed. No clear trend is found 
in case of the bulk nodulus, which is found to increase 
to a rmxinn at 10 at. pet, 2n and then decrease. For pure 
Al the standard values for the Bulk nodulus, Yomg*s nodu— 
lus and the shear nodulus are 752, 706 and 262 Kbars 
rosp^ectively at roon tenperature^^. This conpares quite 
well with the observed values, i,e, 748, 690. and 256 Kbars 
respectively (Table 32), 

¥ 0 iy few sinple aUoy systens have been studied by 
the ultrasonic pulse - echo technique to deternine the 
wave velocities or the elastic noduli as a function of 
conpoBition- Still less data is avail^^^ on thV variation 
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c f 0 2 ) ” soliiij 0 cort.1>eii"t , ICostGr siiid Rausoh,©!*^^ 

rcrcirtc'! tho variation in Touag*s nodulus vith conposition 
a:t S",':;c Jii base alloys* Zener"^^ ' explained the sane data*^^ 

frop. tha also effect point of view, Cabarat et al®® and 

fil 

Jr.itli' , like Kostcr and Bauscher indicated a liner drop 
in the Yomig's nodulus with solute content. Snith®^, draw- 
ing sinilarity fron the variation of the solidus with alloy- 
ing elu:;.c*nt r’.ijj'jstcd that the Young's nodulus was directly 
rroportiona.1 to the olectron-aton ratio. The theoretical 

77 

work on tho elastic constants of copper was done by Fuchs . 
Smith and his ooworters®^'^^, through a seni -empirical 
approach based on Fuch*s work,has been able to show that the 
variation of single crystal shear noduli with conposition 
is strongly dependent on Z, the nunber of average charge per 
ion, and a, which is a neasure of the decrease in the number 
of closed shell repulsions per added inpurity. Unlike the 
analysis of Koster and Rauscher^^, Zener'^i^ Smith , the 
analysis of Smith and coworkers needs the single crystal 
shear moduli* ' . , , 

The variation of at low temperatures with con- 
position for sone On alloys is available through the sp-heat 
and elastic constants measurements. Mizutani et al through 
sp—heat measxirements of Cu and ^ alipys with et 
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showc'l decreases with increase in solute content* 

calc minted iron single crystal elastic constants of Cu-Zn 

alleys'’*' suii'Orts Mizutani et al‘s finding, Cain and 

fhorns^^ ‘...acur -d single crystal elastic constants of a 

Cu-Al alloys. They found that the elastic constants decrease 

with increasing solute content whereas 0jj increased. The 

polycrystallino elastic noduli of Cu-Al alloys measured by 

25 

L'.rJvhor:; and Lahteehfcorv-a also support Gain and Ihonass 
work. Unlike the attempts to explain the change in the 
elastic noduli with composition, no attempt so far has been 
made to explain the change of 0^^ with composition. 

I has used simple arguments to indicate 

tho relation between frequency (and hence 0^), lattice para- 
nctor (a ), mss (or density) and Young's modulus (Y) th- 
rough the relation 


Y.a 4- 

frequencyoc )i>a(-^) 

-lore n is atonio mss. This relation w aerre as a <iuall- 
ative indication of the nature of variation of Op 
oaitlon. • ©D dserease .hen T ond a decrease and n. 

ilcli is the average atonic oass In the alloy, increases wi 

- , if T and a increase and m decreases 
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,ril:h ^ ¥ill incarease . For the internediate 

c'’;r,'or!, 'i. w*:on Y and a vary in opposite nanner with con- 
; ill'll n and n increases or decreases, the variation otQj^ 
vrill influcncod by the factors strongly dependent on 
a In the case of Cu-Al alloys, n is expected to 

ilocro'^'-se rapidly with increase in A1 content and a is known 
to increase. The variation of with composition is not 


large. i!ance,:P(and 0j))is expected to increase. For other 
copper alloys with the solute from the sane long period as 


ao,:por, a does not vaiy rapidly and hence is expected 
to bo de, on the stronger of the factors between Y and 

. In the present case of Al-Zn alloys Y decreases, a decre 
: 30 S and n increases. Hence, is expected to decrease. It 
is ?mowii that clastic noduli are dependent on electron con- 
uonti-ation. The present data, however, is not sufficient to 
establish the dependence ofe^ ob electron concentration. 
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The qualitative justification that the decrease in Op with 

incr<-n.u' iii Zinn content in A 1 is due to decrease in a and 

in a, i.e, due to increase in density, also finds 

Dujport from the theoretical work of Leigh on and A1 

alloyu'^ . iJince the shear constants y 2 (C^^-C^ 2 ) ^44 

proportional to the second derivative of the total energy of a 

77 

crystal with I'espect to strain pararaeters, Leigh like Puchs , 


has first identified the contributions to the total energy of 
on A1 crystal* He has shown that the two terms which are impor- 
tant in estimating shear constants of il are the purely electro- 
static energy terms and the Permi Energy. The contribution to 
the shear constants due to the electrostatic energy term is 
highly anisotropic but the measured shear constants of A1 indi- 
cat© that JO. is more or less isotropic. Leigh considered 
that the isotropic behaviour of A1 is due to a suitable negative 
contribution due to Permi Energy. Since JO is trivalent and 
the first Brillouin zone of fee metal can accommodate two 
electrons per atom, a zone overlap occurs in the case of JO. 

The first Tirillouin zone for A1 is bounded by hexagonal and 
cube faces . Using the measured shear constants Leigh has 
shown that there must be overlap across the hexagonal as well 
as the cube faces. The overlapping electrons give rise to a 
large negative contribution to one of the shear constants (See 

Table 41) so that the effective shear constants of A1 become 
iaor© or', .ioss equal* , , 



116 


TaM. 4J : to Shear constants caloulatod 


from 


^44^Dynes/cm^ 

Coulomb intc-raction . 

1 .5 

11 .4 

First zone electrons 

U5 

4v5 

Overl'.nping electrons 

-0.7 

-13.05 


2,1 - 

2.85 

, 94 

Measured values 

2,085 

2.853 


A1 is alloyfid with an elemeal; of lowor valancyj ‘tliei’o 
is a docreas© in the namher of electrons per atom and hence the 
effect of alloying A1 with lower valent element will be to 
!. c-rc-r the number of electrons in the second zone. Since this 
decrease in the number of electrons leads to a decrease in the 
number of electrons across the cube faces of the zone boundary 
(electrons across the cube faces have higher energy than those 
across the hexagonal faces) the shear constant y 2 ( 0 ^|- 0 ^ 2 ) 
increase with an increase in solute content, and goes through 
a at e/a - 2.67 at which the cube face overlap vanishes. 

The other shear constant, 0^^, begins to increase appreciably 
only after further increase in solute content takes place, i.e. 
when the number of electrons across the hexagonal faces begins 
to decrease. Leigh^^ has calculated the shear constants of 
11-Zn alloys. Using these /elas tic :Cons^tants;' to' estimate:' the. ; 
aodulus of rigidity U, Bq,ns. 16, 17 and 18 and assigning that 
the bulk modulus K remains a constant on alloying Leigh has 
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h-,0 . .1 CL-Zn alloys wUoh is shown In Fig. 19 as 

a funrtlor. .r Zn content. It is clear from Pig. 19 ash £90.16,17 
-.r.a 18 that ir.itially a decrease in 8^ is expected with an 
increase i.n Zn content and this decrease is Kimarily due to the 
ir.crease in density as A1 is replaced by Zn. (See the dashed 
ouryo in Fig. 19 which is due to a change in only i.e., with 
K and G assiiBed to be constants). The effect of the increase 
in Op with increase in shear constant effe- 

ctively only above about 20 at pet Zn; beyond the composition 
range of investigation. The calculated 9^ values of Leigh 
connect be ;i -u-ud with the present results because many 
simplifying assumptions were made in theoretically evaluating 
Op. The decrease of Op with increasing Zn content, however, 
match ejuite well with the present result. The relative decrease 


of the calculated Op value from Al—15 at pet Zn is very close to 
what has bean ■ 1: r: ..rved { 50^K) in the present investigation. 




CHAPTER 7 


CONCLUSIONS 

’if'':.-!' 'jitiu'S of longitudinal and shear ultrasonic waves in 
a pcajcryst Al specinen is close to the calculated 

average value obtained by VHH approxination of the data 
fror‘ sin<;le crystal neasurenents, Debye tenperature 
(0j)) calculations for Al based on the observed velo- 
cities in a polycrystalline specinen show very good 
■: -i*' :r at with the obtained fron single crystal data, 

With addition of Zn to Al, both the longitudinal and 
shear wave velocities in the alloys decrease continu- 
ously . 

With addition of Zn to Al, the lattice parameter of 
a-;: quenched alloys neasured below 250°K was found 
to ■ 0 r : n c c ont inuously • 

With addition of Zn to Al, the polycrystalline shear 
iiodulus and Debye tenx^erature at 0°K shows a systematic 
docroaso but the bulk modulus increases slightly upto 
about 10 at*pct,Zn and then decreases. Young's modulus, 
calculated from bulk modulus and shear modulus values 
also showed a decreasing trend with increasing Zn content 



present data wtis insufficient to deduoe tlaa actual 
effects of alloying on the Debye tenperature. Ibe data 
quail t'-tl-vcly supports the idea that the decrease inGj;) 
with alloying ie connected with the increase in the ave 

4. .••?/% tTid decrease in the lattice parameter 

atoi'iic mass, ana 
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Appendix A 

DETAILED PHOCSDURB FOR THE OPBRATIOR OF THE UITRASOHIC 

EQUIPMENT 

The operation of the ultrasonic equipment was started 
with the stabilization of the electronic systems. The 220 V 
power line of the electronic system was connected to the mains 
and the ’on-off* switch of the G-R-lOOl-A Signal Generator was 
put at std,by. The *Power - ON’ switches of, P6-650-G R,F, 
pulsed amplifier and WA-600-E wide band amplifier were pressed 
to the ON - position* After about 5 minutes the ’High voltage 
ON' switch for the R,F, pulsed amplifier is pressed to the ON - 
position and the oscilloscope was put on. The system was then 
left for about 20 minutes for stabilization. 

The ’OUTPUT’ Knob of the Signal Generator was put at 
'2 VOLTS, over 400KC’ position, ’METER’ switch at the ’CARRIER’ 
position. The ’CARRIER’ Knob was adjusted to read 0,4 on the 
'SET CARRIER’ dial. The '2 VOLTS' output jack was connected 
to the 'GATED AMPLIFIER’ jack of the pulsed amplifier. All 
connections were made by 93 ohms coaxial cables and Amphenol 
BNC jacks. The controls of the pulsed amplifier was set to the 
following : TRIGGER in INT (ernal) , PRF in maximum clockwise 
position, 'PULSE LENGTH' in ’LOCK’ position, ’C¥ ACCESS' 
to C¥, HV dial to 40 pet* and frequency to 10 MHz, Under 



these conditiorLS the pulsed output had a length of 105 usee, 
prf of 2*5 -KHs, peak to peak voltage of 95 volts, carrier 
frequency of 10 MHz, The KF OUTPUT jack was then connected 
to the netal head of the speoinen holder. 

The specimen was then cleared and Dow coming 200 
fluid was spread on one surface and the transducer placed 
on it. After clearing off extra fluid, the specimen was 
placed in the specimen holder. The GAIN Enob of the amplifier 
is then adjusted and the display on the CRO is stabilised by 
adjusting the operating Knobs of the oscilloscope. The tine 
measurement was made as explained earlier in Chapter 2, 
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